We studied the regulation of thromboxane (TX) synthesis in promyelocytic leukemia cells during macrophage differentiation. Cells treated with 12-O-tetradecanoylphorbol-13-acetate (TPA) showed rates of TXB2 synthesis from exogenous arachidonic acid that exceeded that of control cells by a factor of up to 81. Cells treated with sn-1,2-dioctanoylglycerol (diC8) showed similarly high TXB2 synthesis rates when diC8 was added concomitantly with a subthreshold concentration of TPA or when given in multiple doses. These activities depended on de novo synthesis of prostaglandin H (PGH) synthase because: microsomal PGH synthase activity showed large increases in Vmax values, and mass measurements of PGH synthase revealed the presence of PGH synthase in differentiating cells whereas the enzyme was undetectable in control cells. These results indicate that macrophage differentiation is associated with stimulation of TXB2 synthesis that requires both activation of protein kinase C and de novo synthesis of PGH synthase.
Introduction
Infiltration of monocytes into affected tissues occurs in diseases as varied as rheumatoid arthritis (1) , chronic inflammatory bowel disease (2) , hydronephrosis (3) (4) (5) , and atherosclerosis (6) , whereupon the monocytes undergo extensive morphologic and functional alterations that resemble those observed after induction ofmacrophage differentiation in vitro (7) (8) (9) . Thus monocyte infiltration and differentiation are clearly key events in the inflammatory process.
To understand these events better, it will be necessary to establish the sequence of reactions that underlies monocyte/ macrophage differentiation and to identify the control mechanisms that are involved. One such mechanism may depend on the synthesis of thromboxane (TX).' Monocytes/macrophages, maintained in vitro, release TX along with other biologically active molecules (3) (4) (5) 10) . Moreover, in vivo models ofinflammation, such as the hydronephrotic kidney (5) and myocardial infarction (11, 12) , have provided evidence that TX synthesized by monocytes/macrophages is important in modulating the inflammatory reaction at sites of tissue injury.
The objective of the present investigation was to obtain information about the regulation of TX synthesis in differentiating monocytes. We used differentiating HL-60 cells as a model system. Several studies (7, 8, (13) (14) (15) have shown that these cells differentiate into macrophage-like cells in response to phorbol diesters, and evidence has indicated a close relation between the action of these esters and the activity of protein kinase C (PKC) (16) (17) (18) . Furthermore, Ebeling et al. (13) added the cell-permeable diacylglycerol, dioctanoylglycerol (diC8), to HL-60 cells and showed that it was able to stimulate both PKC and cell adhesion. The same investigators showed that HL-60 macrophage differentiation only occurred after repeated addition of diC8 and that repeated addition of diC8 induced persistent occupancy of the phorbol diester binding site. In contrast, a single addition ofdiC8 led to transient occupancy ofthe phorbol diester binding site and did not induce macrophage differentiation, and a recent report by May et al. (15) showed that diC8 was rapidly phosphorylated to form phosphatidic acid in HL-60 cells. These results, in particular, strongly suggested that PKC activationif maintained for several hours-is a key event in macrophage differentiation.
We therefore used either 12-O-tetradecanoylphorbol-I 3-acetate (TPA) or diC8 to initiate macrophage differentiation, and asked the following questions: (a) When during the Radioimmunoassay (RIA). The concentration of icosanoids was determined by RIA according to Granstroem and Kindahl (21) after reversed-phase extraction and thin-layer chromatography as described previously for PGE2 and 6-keto-PGFIa (19, 20) . Total recovery for TXB2 ranged between 44% and 67%, cross-reactivity at 50% binding was < 0.2% for PGA2, PGB2, PGE2, PGD2, PGF2, 6-keto-PGF1., AA, and PGH2. Water samples subjected to exactly the same analytical procedure as biological samples ranged between 1 and 4 pg/ml, intraassay variation was 6%-l 1%, and interassay variation was 9%-14%.
Estimation ofHL-60 PGH synthase mass. The amount of PGH synthase protein in HL-60 cells was estimated by using two monoclonal antibodies directed against different antigenic sites on sheep seminal vesicle PGH synthase (cyo-1, cyo-5) (22, 23) . Solubilized microsomes were prepared as described under the subsection "Assay of microsomal PGH synthase activity" except that the microsomes were taken up in assay buffer (50 mM Tris, pH 7.8, 2 mM EDTA, 0.25 M sucrose, 0.15% Tween 20). Purification ofcyo-l and cyo-5 antibodies: 15 ml ofculture medium containing the cyo-l and cyo-5 antibodies, respectively, was purified by Protein A-Sepharose column chromatography as described by Smith and Rollins (22) . Purified cyo-l antibody was iodinated with '25l using chloramine T (24) (28) and others that phorbol diesters stimulate the synthesis of PGs in cells in culture.
To determine whether the action of TPA on HL-60 cells was associated with increased activity of enzymes in the PG synthesis pathway, we tested the effect of added unesterified AA on the synthesis of TXB2 in control and TPA-treated cells (Fig.  1) . We found that AA had little effect on TXB2 synthesis in undifferentiated control cells, but increased TXB2 synthesis by as much as 8 1-fold in TPA-treated cells at a concentration of 10 ,M.
Interestingly, the effect of the Ca2+ ionophore A23 187 (29) on HL-60 cells resembled that of added AA. Undifferentiated cells that were treated with the ionophore produced little TXB2 in the presence or absence of AA. In contrast, TPA-treated cells that were incubated in the presence of 1-3 uM ionophore produced maximal amounts of TXB2 even in the absence of added AA (Fig. 2) . Thus the ionophore seemed unable by itself to increase the activity of enzymes in the PG synthesis pathway. It was, however, able to stimulate TXB2 synthesis, presumably by promoting the release of AA from endogenous phospholipid stores.
To determine whether the effect of TPA on TXB2 synthesis occurred early during the course of macrophage differentiation, we incubated HL-60 cells with TPA and measured the rate of TXB2 synthesis in the presence of added AA as a function of time (Fig. 3) . We observed stimulatory effects of TPA within 1 h, which increased sharply after 3 h and plateaued after 4-6 h. By comparison, TPA-induced adherence of the cells to the culture dish began after 12 h, and 95% of the cells adhered to the dish and showed macrophage morphology (7) within 24 h.
We next determined whether TPA stimulated the formation ofother products ofthe PGH synthase pathway and found ( Table  I ) that all major products of this pathway, TXB2, PGE2, and 6-keto-PGFI,, increased in response to the phorbol diester. This raised the possibility that TPA may have promoted the activation of at least one enzyme involved in PG synthesis.
To determine whether the effect was specific for phorbol diesters that activate PKC, we used the phorbol diester, 4-aphorbol 12,13-didecanoate. This phorbol diester is unable to activate PKC in several biological systems (30) . We found that it was also unable to stimulate TXB2 synthesis and induce cell adherence in HL-60 cells, even when its concentration exceeded the maximal concentration of TPA by two orders of magnitude (not shown).
Diacylglycerol-dependent synthesis of TXB2. Experiments with the cell-permeable diacylglycerol, diC8 (15, 16) , provided further evidence for a relation between PKC activation, TXB2 synthesis, and macrophage differentiation. We added diC8 to undifferentiated cells and determined the ability of the cells to produce TXB2 in the presence of added AA. 90 uM diC8 significantly stimulated TXB2 synthesis (Fig. 4 A) , reaching 27% of the maximal TPA effect (Fig. 4 B) . Moreover, when a subthreshold concentration of TPA (0.1 nM) was included in the culture medium, concentrations ofdiC8 between 10 and 30 AM induced maximal synthesis of TXB2 (Fig. 4 A) . Other species of diacylglycerol, such as didecanoate and l-oleoyl-2-acetyl diacylglycerol, also showed synergistic effects in the presence of subthreshold concentrations ofTPA although they were not as active as diC8 (results not shown).
We next determined the kinetics of diC8-dependent TXB2 synthesis in the presence of0.1 nM TPA (Fig. 5) . We found that diC8 significantly stimulated the synthesis of TXB2 (Fig. 5) , PGE2, and 6-keto-PGFIa (results not shown) within 1 h and its effect was maximal within 4-6 h. Because Ebeling et al. (13) had previously shown that diC8 is relatively inactive when added at MuM DiC8 Figure 6 . When given at multiple doses diC8 induces maximal TXB2 synthesis. Cells were cultured as described in Fig. 1 dose of 30 MM diC8 followed by four hourly maintenance doses of 10 MM diC8, > 95% of the cells attached within 24 h. Trifluoperazine (TFP) has previously been shown to inhibit the activity of PKC in HL-60 cells and the activity of PKC purified from bovine heart (31-33). We therefore determined whether TFP was able to inhibit the effect of TPA on TXB2 synthesis. We found that TFP did indeed inhibit this effect (Table  II) , and that the concentrations of TFP required were similar to those reported to inhibit PKC-dependent protein phosphorylation in HL-60 cells (32) . Furthermore, there was a close correlation between the concentrations of TFP required to inhibit TXB2 synthesis and those required to inhibit HL-60 macrophage differentiation (results not shown). The alkyllysophospholipid, ET-18-OCH3 (ALP), and the lipoidal amine, CP-46,665-1 (CP), have been shown to inhibit PKC in HL-60 cells (34, 35) by competing with the phospholipid activator of PKC phosphatid- ylserine. We therefore tested whether ALP and CP were able to inhibit TPA-induced TXB2 synthesis as well as macrophage differentiation. Both compounds largely prevented TPA-induced macrophage differentiation and TXB2 synthesis in a concentration dependent manner (Table II) . The isoquinolinesulfonamide, H-7, has been shown to reversibly inhibit both cyclic AMPdependent protein kinase and PKC by competing with substrate ATP (36) . H-7 also inhibited both TPA-induced macrophage differentiation and TXB2 synthesis (Table II) .
The stimulation of TXB2 synthesis by TPA and diC8 is associated with induction ofPGHsynthase. The synthesis ofTXB2 that occurred early during macrophage differentiation of HL-60 cells required translational activity because 10 gg/ml cycloheximide completely prevented the diC8-and TPA-dependent synthesis of TXB2 (Table III) . This same dose of the inhibitor blocked by > 95% the incorporation of labeled leucine into cell proteins and also prevented diC8-dependent cell adhesion. To determine whether TPA or diC8 could have specifically induced the formation of PGH synthase, we first determined whether the rate ofenzyme formation in TPA-treated cells was sufficient to account for the rapid increase in TXB2 synthesis observed in the time course experiment shown in Fig. 3 . Evidence for this was provided by experiments with HL-60 cells that had been pretreated with aspirin to block irreversibly the activity of the PGH synthase (37). When we subsequently removed the aspirin, then treated the cells with TPA, we found that a significant stimulation of TXB2 synthesis occurred within 1 h and that a stimulation equivalent to that observed in TPA-treated control cells occurred within 4-6 h (Fig. 7) .
To obtain more direct evidence for a stimulatory effect of TPA and diC8 on the PGH synthase, we both measured the activity ofthe enzyme and estimated the mass of the enzyme in cell-free preparations. When we measured the kinetics of synthesis of TXB2, PGE2, and 6-keto-PGFI. from exogenous AA in microsomes prepared from undifferentiated and cells that had been induced to differentiate into macrophages either by TPA or diC8, we observed large increases in the Vm,, values in differentiating cells as compared with control cells, but no changes in Km values (Fig. 8, Table IV , results not shown).
When we estimated the mass of the enzyme by using two (Table V) .
Discussion
Many studies have shown that both adherent, blood-derived monocytes and tissue macrophages can respond to immune complexes and other stimuli by releasing unesterified AA from endogenous phospholipids and then converting the AA into icosanoids (3842). Such cells seem to form preferentially TXB2, PGE2, and leukotriene B4. There is evidence also that the release of AA from monocytes/macrophages may be rate limiting for icosanoid biosynthesis. For example, in response to opsonized Cells were cultured and TPA was added as described in Fig. 1. diC8 was added as a single dose or repeatedly (four times at hourly intervals) as described in Fig. 6 . 12 h after the first addition of diC8 or TPA, microsomes were prepared and assayed for PGH synthase activity as described in Methods and Fig. 8 
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Cells were cultured and TPA added as described in Fig. 1 . 12 h after addition of TPA, microsomes of control and TPA-stimulated cells were prepared as described in Methods and assayed for the presence of PGH synthase using two monoclonal antibodies (cyo-1, cyo-5) directed against two antigenic sites on sheep seminal vesicle PGH synthase that cross-react with the human enzyme (22, 23) more stages of macrophage "activation" or development. Regulation ofthese enzymes might explain the observation (45) that immunological "activation" of macrophages is associated with preferential synthesis of TXB2 at the expense of PGE2. In addition, regulation of enzymes of icosanoid biosynthesis might be presumed to occur at some stage during macrophage development because the icosanoid patterns of monocytes/macrophages differ considerably from those of other terminally differentiated white blood cells that are derived from the same pluripotent stem cells in the bone marrow (5, 39, 41, 42, 44, 46, 47) .
The present study was performed to explore the possibility that enzymes that directly catalyze the synthesis of icosanoids may be upregulated during the differentiation of promyelocytic cells into macrophages. In initial experiments we treated the HL-60 cells with TPA or diC8 to initiate their differentiation into macrophages, then measured the synthesis of TXB2 in the presence of added unesterified AA. The rationale for adding exogenous unesterified AA to the cells was to allow icosanoid synthesis to proceed independently ofthe release ofendogenous AA from cellular phospholipid stores. The results of these experiments support several main conclusions. First, unlike macrophages, undifferentiated HL-60 cells form very little TXB2 in response to either added unesterified AA or added Ca2' ionophore ( Figs. 1 and 2 , Table I ). These results are consistent with previous data obtained in HL-60 cells induced to differentiate into macrophages by (OH)2vitamin D3 (48) . Secondly, TPAstimulated cells show an increased capacity to form TXB2 and two other products of the PGH synthase pathway, PGE2 and 6-keto-PGFI., early during the course oftheir differentiation into macrophages (Table I) . Thirdly, this response probably depends on the activation of PKC because the only phorbol diesters that are effective are those that stimulate this enzyme (not shown), because diC8 is effective (Figs. [4] [5] [6] , and because several different inhibitors of PKC prevent both the differentiation of HL-60 cells into macrophages and the increased ability of the cells to synthesize TXB2 (Table II) . These results are consistent with the recent report ofMerrill et al. (57) indicating that phorbol diesterand diC8-dependent HL-60 macrophage differentiation is inhibited by the novel PKC inhibitor sphinganine, which may function physiologically as a negative effector of this enzyme.
In subsequent experiments, we provided strong evidence that the increased ability of the HL-60 cells to synthesize TXB2, PGE2, and 6-keto-PGF1, depends on an induced biosynthesis of PGH synthase. This evidence was based on the following observations: (a) both added unesterified AA and added Ca2' ionophore greatly promoted the synthesis of TXB2 in differentiating cells but not in undifferentiated cells (Figs. 1-3) ; (b) the effects of TPA or diC8 on TXB2 synthesis became evident after a lag period that was comparable with that shown by cells that were recovering from the effects of pretreatment with aspirin ( Figs. 3 and 7) ; (c) the effects ofTPA or diC8 on TXB2 synthesis were prevented by cycloheximide (Table III) ; (d) microsomes from TPA-or diC8-treated cells showed increased activity of PGH synthase (Fig. 8, Table IV) ; and, most importantly, (e) immunoassays of PGH synthase in TPA-treated cells demonstrated a marked increase in enzyme protein (Table V) It is unclear whether PKC directly affects a specific step in the biosynthesis of PGH synthase or whether its effects on PGH synthase are only indirect. What does seem clear is that the effects of PKC on HL-60 cell differentiation and icosanoid synthesis are closely linked. Moreover, it appears that prolonged activation ofthe kinase may be required for both types ofeffect. This is suggested by the fact that a single dose of diC8, even at a high concentration, failed to induce maximal production of TXB2 or maximal adherence of the cells to the culture dish. In contrast, both effects occurred when a loading dose of diC8 was followed at hourly intervals by four successive maintenance doses of diC8 (Fig. 6) . This is consistent with the work of Ebeling et al. (13) who showed that repeated addition of diC8 to HL-60 cells is required to maintain occupancy of the phorbol diester binding sites and induce macrophage differentiation. Interestingly, we found that a single dose of diC8 was nevertheless effective when added in conjunction with a subthreshold dose of TPA (Figs. 4 and 5) . The basis for this synergism remains to be clarified. It is probable that a single dose of diC8 acts only transiently because it is rapidly metabolized. It is known, for example, that HL-60 cells can rapidly convert diC8 into phosphatidic acid (18) , and that TPA competitively inhibits diacylglycerol lipase activity (49) . One possibility, therefore, is that these reactions or others that metabolize diC8 might be affected by TPA. Alternatively, TPA might promote the accumulation of endogenous diacylglycerol or potentiate the effects of diC8 by binding to cellular sites other than PKC.
As for the possibility that macrophage differentiation might be accompanied by the coordinately controlled upregulation of several enzymes in the icosanoid biosynthesis pathway, and the possibility that different patterns of coordinate control might operate during the differentiation of different types of white blood cells, little can be said at present except for the following: First, our observation that the synthesis of three different icosanoids increased during the differentiation of HL-60 cells clearly raises the possibility that several different enzymes were upregulated in concert. Indeed, we observed greatly increased synthesis of TXB2 from PGH2 in differentiating, but not in undifferentiated cells (manuscript in preparation). Secondly, preliminary experiments with HL-60 cells that were induced to differentiate into granulocytes have provided evidence that the granulocyte-and macrophage-differentiation pathways are associated with different TXB2 responses. When we induced differentiation of HL-60 cells into granulocytes by treating the cells with dimethyl sulfoxide (DMSO) (50) for 5 d, we found by morphologic examination that > 95% of the cell population had differentiated along the myeloid pathway: promyelocytes, 3% (control 95%); myelocytes, 36.5%; metamyelocytes, 36.5%; stab cells, 13.5%; polymorphonuclear leukocytes, 10.5%. Furthermore, the cells showed an increased synthesis of TXB2 in the presence of added unesterified AA, as has been reported by others (51) . However the effect of DMSO on TXB2 synthesis was relatively small, reaching only 25% of that of TPA. In addition, the kinetics of TXB2 synthesis were different: whereas treatment with TPA resulted in maximal synthesis of TXB2 within 3-6 h, treatment with DMSO induced maximal synthesis rates within 24 h. Retinoic acid, another inducer of granulocyte differentiation (52), was even less active than DMSO in stimulating TXB2 synthesis within the same period of time. Bonser et 15 -lipoxygenase pathway in the same system. Experiments performed in our laboratory (unpublished observations) confirmed these previous results and extended them by demonstrating the appearance of the 5-lipoxygenase pathway in both the myeloid and the macrophage differentiation pathways. Further work will clearly be required to characterize the precise patterns of icosanoid biosynthesis in the granulocyte-and macrophagedifferentiation pathways and to show whether additional differences between the two types of responses exist.
Further work will also be required to establish the functional significance of icosanoid formation during macrophage differentiation. HL-60 cells are transformed cells and thus only models of normal promyelocytes. Furthermore, we used two unphysiological substances, TPA and diC8 to induce their differentiation.
It will be important, therefore, to determine whether normal bone marrow promyelocytes respond to physiological differentiation factors by upregulating enzymes oficosanoid biosynthesis. A physiologic response system of this type might be particularly useful in the investigation of potential autocrine and paracrine effects of icosanoids. Indeed, Kurland and his colleagues (56) have already provided evidence that PGs formed by adherent monocytes can inhibit colony formation by granulocyte/macrophage stem cells derived from normal human bone marrow.
In summary, our results demonstrate that the differentiation of HL-60 cells into macrophages is associated with an early upregulation of PGH synthase. They show that this upregulation depends on induction of enzyme synthesis, and support the conclusion that formation of PGH synthase contributes critically to the regulation of the synthesis of TXB2, PGE2, and 6-keto-PGF1,. They suggest that activation of PKC for 5 h is required for both the maximal induction of macrophage differentiation and the maximal induction of icosanoid biosynthesis. More work is needed now to elucidate the mechanism and functional significance of these effects.
